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ABSTRACT 53 
 54 
 55 
The bacterial 16S rRNA gene diversity of waterborne bacterial (WBB) communities 56 
was assessed using PCR/DGGE techniques, along with sequence analysis of selected 57 
bands. 16S rRNA gene diversity varied between seasons and significant differences 58 
were recorded between night and day. However, there were no significant differences 59 
detected between low, ebb, flood and high tides when the water body sampled would 60 
have originated from completely different areas including those off-reef. These results 61 
suggest that changes in productivity and/or vertical diurnal migrations of plankton 62 
may have greater effects than large scale water movements effected by tidal flows. 63 
These results do not demonstrate a strong link between WBB communities and their 64 
underlying benthos. This either suggests a lack of coupling between the benthos and 65 
the water column (benthic-pelagic coupling) or that the processes are extremely rapid 66 
and efficient with strong mixing. Previous studies at this site have shown cycling 67 
between coral reef and lagoon sediments via coral mucus release and tidal transport, 68 
supporting the latter. We found a strong seasonality in the abundance and composition 69 
of WBB communities, with α-proteobacteria being more prevalent during winter and 70 
γ-proteobacteria during summer but quantitative PCR (qPCR) showed no significant 71 
differences in vibrios between seasons.  72 
 73 
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INTRODUCTION 79 
 80 
Water-borne bacteria (WBB) in coral reef systems are very numerous and diverse, and 81 
their productivity is high compared to open oceanic waters (Sorokin 1973, Sorokin 82 
1974). Periodic influx of open water masses into coral reef lagoons is a process 83 
known to affect key ecological processes such as transport of nutrients (Naumann et 84 
al. 2009), delivery of dissolved and particulate organic matter (Crossland et al. 1984) 85 
and primary productivity (Moses et al. 2009), therefore this influx should influence 86 
the dynamics of WBB communities. This hydrodynamic process is complex, being 87 
extremely variable in space and time, depending on depth, reef topography, position, 88 
the lunar cycle and time of the day among other factors. However, culture and non-89 
culture (molecular) approaches to assessing WBB communities in coral reef 90 
ecosystems, encompassing different spatial and temporal scales are limited, with only 91 
a few localized studies looking at changes associated with tidal cycles or seasonal 92 
change (Moriarty et al. 1985, Torreton & Dufour 1996, Guppy & Bythell 2006).  93 
 94 
Coral reefs such as those studied here may release ca. 1.7 litres of mucus per m
2
 into 95 
the water column per day (Wild et al. 2004). More than half (56-80%) of the released 96 
carbon is dissolved directly into the water column providing a food source for 97 
planktonic bacteria (Wild et al. 2004). The less soluble fraction (20-44%) forms 98 
mucus strands that detach from the coral branches, passing upwards through the water 99 
column and subsequently aggregating and accumulating at the surface. These are 100 
concentrated by currents and winds to form large (2-10m) “mucus mats”, trapping 101 
larger particles present within the water column. Continuous compaction and 102 
accumulation of re-suspended particles gradually decreases the buoyancy of these 103 
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mats and coupled with water movements of incoming tides, concentrate them towards 104 
the lagoon. Rapid sinking occurs at distances of over 150 m from the reef crest. The 105 
microbial communities of lagoon sands degrade this organic matter in the upper 106 
sediment layers through a natural filter system brought about by wave action and tide-107 
induced differences in water level (Wild et al. 2004). Thus, under such „benthic-108 
pelagic coupling‟ (Wild et al. 2004), strong spatial differences in WBB would be 109 
expected between different water masses (reef crest, reef flat, lagoon water and off-110 
reef water). Added to this, seasonal changes in waves, currents and organic matter 111 
deposition as well as benthic activities are thought to cause spatial and temporal 112 
variation in sediment-water exchange processes, affecting sedimentary organic carbon 113 
decomposition and O2 fluxes (Wild et al. 2009). These environmental changes, in turn 114 
may also produce shifts in the WBB communities, mucus mats and sediment types 115 
over time and across sites.  116 
 117 
Despite increasing interest in benthic-pelagic coupling in coral reefs (Wild et al. 2004, 118 
Naumann et al. 2009, Wild et al. 2009), baseline studies examining the spatial and 119 
temporal changes of bacteria within the water column and in particular its relation to 120 
the potential supply of bacteria to the coral‟s mucus are limited (Sunagawa et al. 121 
2010). Previous attempts to compare the WBB communities based on discrete 122 
sampling (e.g. bottles (Paul et al. 1986), sterivex filtration (Somerville et al. 1989 ) 123 
and syringe membrane filters (Guppy & Bythell 2006) may not adequately address the 124 
highly variable spatial-temporal nature of these assemblages which may 125 
underestimate the long-term delivery of microorganisms to a coral. Thus this study 126 
aimed to provide a comprehensive measure of the bacterial diversity in the water 127 
column through space and time, by continually sampling over 1 hour periods using a 128 
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pump sampler. This enabled the inlet to be precisely positioned for greater accuracy 129 
and flow rates to be controlled to approximate natural delivery rates at 130 
environmentally relevant flow speeds (matched by the pump when in the field at time 131 
of sample collection). In this study we tested whether the composition of bacterial 16S 132 
rRNA gene diversity changed in relation to the influence of off-reef, open water 133 
masses and their relative position in the reef tract (i.e. lagoon, reef flat and reef front) 134 
and whether the structure of bacterial communities changed at different temporal 135 
scales (from diel variations and tidal cycles to seasonal shifts in diversity).  136 
 137 
MATERIALS AND METHODS 138 
 139 
Study area 140 
 141 
The study was conducted at Heron Island, GBR, Australia (Fig 1) over two 142 
years (2008-2009) encompassing both a summer (March 2009) and winter (August 143 
2008) season. A total of five sites (A-E) were assessed at high tide to estimate spatial 144 
variability in WBB communities. Tidal, diel and seasonal variability was evaluated at 145 
a single site (A) located on the reef flat (Fig 1). These sites were chosen as they were 146 
expected to show variation in their bacterial diversity due to differences in the benthos 147 
and known oceanographic patterns around the island. For consistency, no spatial 148 
samples were taken when wind speeds were above 5 m.s
-1
 (10 kn). Sites A, B, D and 149 
E were located in reef areas where delivery of water masses were from off-reef areas, 150 
thus at time of collection (high tide), all these sites had received a high influence of 151 
open waters (water depths >30 m), with currents flowing southwards. At flow speeds 152 
previously recorded on the reef flat of approximately 0.3 m.s
-1
 (University of 153 
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Queensland Division of Civil Engineering Report CH 72/08), this would mean that 154 
the water masses would have originated approximately 6 km offshore to the north 155 
during the previous low tide. Sites A and, to a lesser extent, B would also have been 156 
influenced by strong mixing during passage of the water body over the shallow reef 157 
crest to the northwest within the last tidal cycle. Site C was located in the 158 
predominantly sandy lagoon system, where weaker currents and ponding (Ludington 159 
1979), would mean that the water mass would likely have circulated locally, with 160 
minimal influence of off-reef open waters (Fig 1). 161 
 162 
Sample collection 163 
 164 
Spatial Variation 165 
 166 
Spatial samples for both diversity and abundance were taken using discrete 167 
sterile 1 litre bottles, 5 cm above a colony of Acropora formosa. All samples were 168 
taken during both the summer (March 2009) and the winter (August 2008) seasons 169 
within one hour before high tide, over two consecutive days at a constant depth of 8 170 
metres (except for the lagoon and reef flat where maximum depths were 2 metres). 171 
This ensured that the water masses being sampled were representative of different 172 
environments.  173 
 174 
Temporal and diel Variation 175 
 176 
Samples to assess temporal changes in bacterial diversity were collected from 177 
site A (Fig 1) using a peristaltic pump (Masterflex E/S, Cole-Parmer) with internal 178 
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battery source and polytetrafluoroethylene (PTFE) tubing. The tubing allowed 179 
positioning of the inflow to be accurate and permanently in place, anchored directly 180 
next to a colony of A. formosa, therefore giving an accurate representation of the 181 
WBB that a coral would be exposed to over the sampling period. All apparatus was 182 
placed within a tin boat anchored permanently offshore, allowing easy access day or 183 
night. This set up enabled 1 litre of water surrounding the corals to be directly and 184 
continuously sampled onto 0.22 μm Sterivex filters. The sampling system filtered 185 
water continuously for a period of 1 h. Samples were collected every 2 h within a 24 h 186 
period. This sampling regime was duplicated within a period of 14 d and repeated 187 
over 2 years encompassing both summer and winter seasons. The sampling was timed 188 
to encompass 30 minutes either side of high, mid and low tides. In this way both diel 189 
(night/day) and tidal (high, low, ebb and flood) effects on bacterial abundance and 190 
diversity could be assessed along with seasonal effects.  Bacterial communities were 191 
simultaneously sampled using discrete bottle samples and the pump sampler for 192 
method comparison.  193 
 194 
Samples for analysis of bacterial abundances were collected with discrete bottles, 195 
similar to that of the spatial samples and at the same time as the temporal, diel and 196 
tidal samples on the fore reef; from this initial 1 litre sample a volume of 15 ml was 197 
vacuum-filtered through a 0.22 μm black polycarbonate filter immediately after 198 
collection, and fixed with 100µl of 4% PBS buffered paraformaldehyde solution until 199 
analysis (Fuhrman et al. 2008). A total of 3 replicates were taken at every sample 200 
period both for bacterial diversity and abundance regardless of the method. Hobo® 201 
(Onset Computer Corporation) temperature data loggers were deployed to record the 202 
temperature fluctuation in all our sites. 203 
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 204 
Total bacterial abundance 205 
 206 
To estimate bacterial abundances each sample was stained with 100 μl of 4% 207 
PBS buffered paraformaldehyde solution containing 4'6-diamidino-2-phenylindole 208 
(final concentration 5 µg ml
-1
) for 10 minutes, rinsed with filtered 1 X PBS pH 7.4 209 
(Yu et al. 1995, Weinbauer et al. 1998, Yamaguchi et al. 2007) and viewed under 210 
epifluorescence microscopy. Counts on 50 fields of view (FOV) were taken, scaled up 211 
to the total area of the filter and calculated to give total bacterial abundance per ml of 212 
sea water filtered. An average of the three replicas was taken and used in further 213 
analysis.  214 
 215 
 Bacterial diversity, DNA extraction, amplification and DGGE analysis 216 
 217 
DNA was extracted from the filters using QIAGEN DNeasy Blood and Tissue 218 
kits with an added step to concentrate the lysate using vacuum centrifugation for 2 h 219 
at 20° C. Bacterial 16S rRNA was amplified using standard prokaryotic (357F) (5´-220 
CCTACGGGAGGCAGCAG- 3´) and (518R) (5‟-ATTACCGCGGCTGCTGG-3‟) 221 
primers. These primers were chosen over more traditional ones as they have been 222 
recently shown (Sanchez et al. 2007) to more comprehensively amplify marine 223 
bacteria compared to inadequacies and mismatches caused by those such as 907r (pC) 224 
(Muyzer et al. 1993, Guppy & Bythell 2006, Sanchez et al. 2007).  The GC – rich 225 
sequence 5‟ – CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA GCA 226 
CGG GGG G-3‟ was incorporated in the forward primer 357 at its 5‟ end to prevent 227 
complete disassociation of the DNA fragments during DGGE. Thirty PCR cycles 228 
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were performed at 94ºC for 30 seconds, 53ºC for 30 seconds and 72ºC for 1 min and a 229 
final extension at 72ºC for 10 min (Sanchez et al. 2007). A 30μl PCR reaction was 230 
used containing 1.5 mM MgCl2, 0.2 mM dNTP (PROMEGA), bovine serum albumin 231 
(BSA, 400 ng μl-1), 0.5 mM of each primer, 2.5 U of Taq DNA polymerase 232 
(QBiogene), incubation buffer, and 20 ng of template DNA (Siboni et al. 2007). All 233 
reactions were performed using a Hybraid PCR Express thermal cycler. PCR products 234 
were verified by agarose gel electrophoresis [1.6% (w/v) agarose] with ethidium 235 
bromide staining and visualized using a UV transilluminator. 236 
 237 
DGGE was performed using the D-Code universal mutation detection system (Bio-238 
Rad). PCR products were resolved on 10% (w/v) polyacrylamide gels that contained a 239 
30–60% denaturant gradient for 13 h at 60°C and a constant voltage of 50 V. Gels 240 
were stained with a concentrated solution of 9 µl Sybr® Gold (Sigma) in 50 µl of 1X 241 
TAE poured directly onto the gel surface, covered and left in the dark for 20 min then 242 
further washed in 500 ml 1X TAE for 30 min and visualized using a UV 243 
transilluminator. Bands of interest (those which explained the greatest 244 
differences/similarities between samples) were excised from DGGE gels, left 245 
overnight in Sigma molecular grade water, vacuum centrifuged, re-amplified with 246 
primers 357F and 518R, labelled using Big Dye (Applied biosystems) transformation 247 
sequence kit and sent to Genevision (Newcastle University UK) for sequencing. 248 
Bacterial operational taxonomic units (OTUs) (Guppy & Bythell 2006) were defined 249 
from DGGE band-matching analysis using Bionumerics 3.5 (Applied Maths BVBA). 250 
Standard internal marker lanes were used to allow for gel-to-gel comparisons. 251 
Tolerance and optimisation for band-matching was set at 1%. 252 
 253 
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Real-time PCR (qPCR) was conducted on an Engine Opticon® 2 system in order to 254 
test whether Vibrio spp abundance changed between seasons. For this, vibrio-specific 255 
primers; 567F, 5‟-GGCGTAAAGCGCATGCAGGT-3‟; 680R, 5‟-256 
GAAATTCTACCCCCCTCTACAG-3‟ (Thompson et al. 2004) were used on ten 257 
randomly chosen samples from both the summer and winter seasons. This primer pair 258 
has previously been shown to be highly targeted towards vibrios, matching 42 out of 259 
43 sequences of vibrio type strains in the RDP database (Thompson et al. 2004). Real 260 
time PCR reaction mixtures totalled 25 μl and consisted of  12.5µl of 2X Quantitect® 261 
Sybr® Green 1 supermix (Qiagen), 1.25 μl each of 0.5 mM forward and reverse 262 
primers, 50 ng DNA and 9.5 μl sigma molecular grade water. Each set of samples 263 
included a negative control, in which water was substituted for the DNA sample. Real 264 
time PCR was performed with an initial activation step of 15 min at 95 ºC, followed 265 
by 39 cycles (94 ºC for 15 s, 58 ºC for 30 s, primer annealing at 58 ºC for 30 s). The 266 
fluorescent product was detected after each extension. Following amplification, 267 
melting temperature analysis of PCR products was performed to determine the 268 
specificity of the PCR. The melting curves were obtained by slow heating at 0.5ºC s
-1
 269 
increments from 50 to 90ºC, with continuous fluorescence recording. 270 
 271 
Statistical analysis 272 
 273 
For bacterial counts, an automatic cell counter (Cell C) was used (Selinummi et al. 274 
2005). The parameters were set to exclude any objects smaller than 0.0314 μm2 and 275 
anything larger than 0.7 μm2. The abundance of bacteria was compared across sites 276 
and between seasons, time of day and tidal state with a one-way and a three-way 277 
analysis of variance, respectively. Data was normally distributed and variances were 278 
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equal. In order to assess spatial and temporal changes in bacterial assemblages, 279 
matrices consisting of OTU's and samples were generated using both 280 
presence/absence and band intensity data, using marker lanes for between-gel 281 
comparisons. Spatial changes in WBB assemblages were evaluated with a one-way 282 
analysis of similarity (Primer, ANOSIM) and multi dimensional scaling (MDS), based 283 
on Bray-Curtis similarities, which was performed on both summer and winter data 284 
sets. Methods of collection (those sampled only during the month of August 2008) 285 
were compared by a one-way analysis of similarity (Primer, ANOSIM).  286 
 287 
For temporal comparisons, a three-way multivariate permutation analysis of variance 288 
based on Bray-Curtis distance (Primer, PERMANOVA, (Anderson 2001) was used in 289 
order to test for temporal changes in bacterial assemblages (Factor 1: season, fixed 290 
with two levels = summer and winter; Factor 2: tide, fixed with four levels = high, 291 
low, flow and ebb and Factor 3: diel, fixed with two levels, night and day). A non-292 
metric multidimensional scaling analysis was used to visualize the temporal patterns 293 
in bacterial communities and analysis of contribution of variables to similarity 294 
(Primer, SIMPER) was conducted to determine OTU that best explained spatial 295 
differences only when spatial and temporal differences were found (Clarke & 296 
Warwick 2001). Temperature was compared across seasons, diel and tidal cycles by a 297 
three-way ANOVA. Effects and relative importance of individual constrained factors 298 
(diel, tide and temperature within season) were assessed separately after removing the 299 
variance due to season using a unimodal partial correspondence analysis (pCCA) 300 
(using R).  301 
 302 
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Real-time PCR calculations were based on relative DNA concentration (∆C(t)) of 303 
vibrios based on lowest detected concentration (C(t)). Fold differences in vibrio DNA 304 
template were calculated assuming 2-fold PCR reaction efficiency (2
∆C(t)
). One way 305 
ANOVA (minitab) was used to compare between seasons. 306 
 307 
RESULTS 308 
 309 
Spatial and temporal patterns in WBB abundances 310 
 311 
 There was no significant difference in bacterial abundances between sites 312 
within both the summer season, (8 ± 1 x 10
6
 cells ml
-1
 recorded across all sites), and 313 
for the winter season (1.55 ± 1 x 10
6
 cells ml
-1
) which suggests that influx of 314 
surrounding off-reef waters had little effect on total bacterial abundance in our sites 315 
(Fig. 2a). However, bacterial abundances showed a strong seasonal pattern (ANOVA 316 
F = 23.02, df = 1, p < 0.001) increasing by approximately three-fold during summer 317 
on the reef flat. Although there appeared to be a greater mean abundance during low 318 
tides compared to that of high and an apparent diurnal trend, where abundance 319 
increased from morning to afternoon within the summer season (Fig 2b), this was not 320 
significant (ANOVA F = 1.29, df = 3, p = 0.293). 321 
 322 
Spatial and temporal patterns in WBB diversity 323 
 324 
WBB diversity was significantly different between both seasons and time of 325 
day (PERMANOVA, F > 2.34, P < 0.002) but not for tide (PERMANOVA, F = 5.4, p 326 
= 0.063). Bacterial diversity also showed significant interaction between season and 327 
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diel cycles (PERMANOVA, F = 1.96, df = 1, p = 0.005) but not to tidal cycles (Table 328 
1, Fig 3a). Between factors, season alone explained 14% of the variance whilst the 329 
significant interaction between time of day, tide and season explain a further 10.5% 330 
(Table 1). Over 40% of the total variance was explained by differences among 331 
replicates which highlights the variable nature of WBB communities. Partial 332 
correspondence analysis with permutations stratified within seasons showed the 333 
percent variance of each factor with diel cycle effects being highly significant (pCCA, 334 
F = 2.05, p < 0.01), whilst both temperature (within each season) and tide were not 335 
significant (pCCA, F < 1.1, p > 0.26). Average Bray-Curtis similarity between 336 
summer and winter was 15%, with different ribotypes from α and γ proteobacteria 337 
(Fig 3b,c,d), Flavobacteria (Fig 3e) and Bacteroidetes related ribotypes (Fig 3f) 338 
explaining 38.5% of the dissimilarity (Table 2). Interestingly, differences in the 339 
bacterial community between night and day were more pronounced during winter 340 
compared to summer (Fig. 4a,b,c). Since tides had no effect, this indicates that 341 
seasonality apparently has a greater effect on the composition of WBB communities, 342 
than the benthic community that the water body has passed over, which in turn would 343 
be dependent on the state of the tide. 344 
 345 
Significant interactions with temperature were found between seasons and the diel 346 
cycle (ANOVA, F = 6.2, df = 1, 101 p = 0.01) and between seasons and the tidal cycle 347 
(ANOVA, F = 4.43, df = 2, 101 p = 0.01) (Fig. 5). This observation suggests that the 348 
effect of temperature is tied to the effects seen in diel and tidal patterns of WBB. 349 
Therefore it is difficult to separate the effects of temperature alone as a potential 350 
environmental driver for WBB dynamics (Pommier et al. 2007, Fuhrman et al. 2008) 351 
and this was supported with the pCCA result, whereby the effects of temperature 352 
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within seasons was not significant. However the factors controlling the presence or 353 
absence of particular ribotypes (α and γ proteobacteria, Flavobacteria and 354 
Bacteroidetes related sequences) within summer and winter seasons deserves further 355 
investigation (Table 2, Fig 3b,f).  356 
 357 
Real–time PCR showed no significant differences between total vibrio DNA in 358 
summer and winter samples (ANOVA F = 0.58, p = 0.457). However, the mean, was 359 
a fold higher in summer compared to winter (Fig 6).  360 
 361 
The composition of WBB communities varied across sites during both winter 362 
(ANOSIM, R = 0.48, p = 0.001) and summer (ANOSIM, R = 0.57, p = 0.001). 363 
However, pairwise comparisons showed significant differences only between the reef 364 
flat and the other sites both during winter (ANOSIM, p < 0.001) and summer 365 
(ANOSIM, p < 0.003), whilst other reef sites were not significantly different from 366 
each other (winter ANOSIM, p > 0.54 and summer ANOSIM, p > 0.1). Similarity of 367 
WBB between sites (based on Bray Curtis similarity) was 46% for winter samples and 368 
47% for summer. Lagoon, off-reef and mixed (reef) sites had similar bacterial 369 
communities during the winter (Fig. 7a) and summer (Fig. 8a) showing no specific 370 
patterns of ordination or clustering except for that at the reef flat (Fig. 7b and 8b). The 371 
uniform lack of differences in the composition of WBB communities across sites with 372 
differential levels of exposure to off-reef waters further supports the lack of tidal 373 
affects and indicates no significant association between the benthic and WBB 374 
communities. This is further supported as the patterns were repeated in both seasons.  375 
 376 
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No significant differences were found between discrete bottle and continuous (1 h) 377 
pump sampling (ANOSIM, R = 0.07, p = 0.5), indicating that discrete bottle sampling 378 
provides a representative sample of bacterial assemblages found within the larger 379 
water mass at any given time period. 380 
 381 
DISCUSSION 382 
 383 
Benthic marine communities are physically exposed to and presumably influenced by, 384 
the delivery of bacteria present in the overlying water column. On coral reefs, coral 385 
surface mucus layers and seawater have been shown to share certain bacterial species 386 
(Ritchie 2006, Sunagawa et al. 2010). Conversely, Wild et al. (2004) have shown a 387 
significant supply of coral-derived mucus and its associated bacterial communities to 388 
the water column (Wild et al. 2004, Wild et al. 2005, Naumann et al. 2009, Wild et al. 389 
2009). At Heron Island, Wild et al. (2004) showed that up to ca. 1.7 l m
-2
 d
-1
 of mucus 390 
is released from the reef into the water column and biodegraded in lagoon sediments. 391 
Thus there is likely to be significant bi-directional exchange between the coral reef 392 
benthos and the water column. However, in this study, we found no evidence that the 393 
WBB communities differed depending on the underlying benthos. In fact, with the 394 
exception of a reef flat site, WBB communities appeared homogeneous between sites, 395 
despite the fact that the water bodies sampled would have originated from very 396 
different environments, including lagoonal, reef and off-reef open water areas. 397 
Previous studies have shown significant differences in WBB across sites (Moriarty et 398 
al. 1985, Seymour et al. 2005, Guppy & Bythell 2006, Ritchie 2006). However few 399 
studies have controlled for tide height, season and time of day when assessing spatial 400 
differences in the reef tract. Lack of differences in bacterial abundances and diversity 401 
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between the sites, could in part be explained by the spatial scale chosen in this study. 402 
While temporal samples showed some short term (hours) variability, spatial patterns 403 
were determined from samples separated by hundreds of m to km within the Heron 404 
Island reef system. Thus, it is possible that spatial variation in bacterial communities 405 
may be greater at smaller (<1 m) spatial scales (van Duyl & Gast 2001, Seymour et al. 406 
2005) and that this smaller scale variation masked any larger-scale variation. 407 
 408 
If the benthic-pelagic coupling described by Wild et al. (2004) was a slow process, 409 
one would have expected significant differences in both numbers and diversity 410 
between sites, especially those sites where the water mass was from reef flats and the 411 
lagoon compared to water originating from off-reef in more open water. As pairwise 412 
tests showed no significant difference between sites (except for that of the reef flat), 413 
we suggest the benthic-pelagic coupling occurring at Heron Island is a rapid process 414 
with large scale, efficient mixing of the water column and the benthic coral system. 415 
 416 
As has been shown in a number of studies (Kent et al. 2004, Kent et al. 2007, 417 
Pommier et al. 2007, Fuhrman et al. 2008, Shade et al. 2008), the main factor 418 
affecting bacterial abundances and 16S rRNA gene diversity is season. In these 419 
studies, temperature was shown to be the main factor affecting bacterial species 420 
richness. Fuhrman et al. (2008) showed a consistent latitudinal pattern in seasonality, 421 
which was annually repeatable and highly predictable from a variety of environmental 422 
parameters. Whilst Fuhrman et al. (2008) showed no correlation between WBB 423 
dynamics and productivity, WBB could also be affected by other seasonal 424 
environmental drivers (nutrients, irradiance, precipitation etc). In our study, we found 425 
bacterial abundance was 4 to 5 times greater in summer than winter, suggesting that 426 
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bacterial productivity is higher in summer, most likely due to temperature differences 427 
(Moriarty et al. 1985). Shade et al. (2008) also found that temporal variation of 428 
bacterial diversity and abundance within freshwater habitats was more pronounced 429 
than spatial variation but they attributed their temporal differences to interactions and 430 
changes within phytoplankton communities.  431 
 432 
During winter, ribotypes from the α-proteobacteria dominated WBB communities. 433 
Ribotypes associated with this group have been consistently found associated with 434 
healthy coral tissues (Ritchie & Smith 2002). During summer months, ribotypes from 435 
the γ-proteobacteria were present in higher abundances but were either completely 436 
absent or rare in the winter samples. Optimal growth temperatures for both γ-437 
proteobacteria and α-proteobacteria range from between 20 – 40 º C (Brettar et al. 438 
2002, 2003, Santos et al. 2003, Kurahashi & Yokota 2007, Anderson et al. 2009). 439 
However, these variations of temperature are largely species specific not group 440 
specific, so growth rates of specific groups would not explain these result alone.  441 
Real-time PCR showed that vibrio abundance (a genus known to contain potential 442 
coral pathogens: (Kushmaro et al. 2001, Ben-Haim et al. 2003, Rosenberg & 443 
Falkovitiz 2004) did not vary significantly between seasons, although the mean was a 444 
fold higher in summer than winter. These results together, indicate that potentially 445 
pathogenic bacteria may increase in abundance during warmer months and therefore 446 
opportunistic infections may become more frequent and explain at least some of the 447 
concomitant increase in disease prevalence in summer (Jones et al. 2004), although 448 
future work is needed to confirm these patterns. 449 
 450 
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Despite the strong tidal flows on Heron Island and therefore large-scale interactions 451 
with reef, lagoonal and open water environments, there was no significant effect of 452 
tide state on WBB abundance or 16S rRNA gene diversity. Significant diurnal 453 
variation was observed, however, and differences in bacterial abundance between 454 
night and day were stronger during the winter than in the summer. The greater 455 
variation seen during diel rather than tidal cycles on this reef system, supports a 456 
previous study (Moriarty et al. 1985), which linked bacterial growth to the daily 457 
mucus release on the reef flats, which normally occurs between noon and 16:00 h 458 
regardless of the tide (Crossland et al. 1980, Torreton & Dufour 1996). Other possible 459 
explanations for the diurnal dynamics of WBB communities, include overall 460 
productivity and/or the interaction between diurnal zooplankton migrations between 461 
the benthos and the water column (Heidelberg et al. 2010), given that these 462 
zooplankton will have their own microbiota associated with them directly and may 463 
alter bacterial production due to excretion and secretion. 464 
 465 
The continuous sampling method and large sample size used in this study was 466 
investigated to determine whether it would provide a more accurate characterization 467 
of bacterial communities within the water column. We conclude that although discrete 468 
sampling is adequate to represent the WBB communities, the use of pump sampling is 469 
a more repeatable method and a larger sample size is able to be taken at any given 470 
time. In addition, human errors and potential contamination during collection and 471 
handling of samples that may be incurred during bottle sampling can be reduced with 472 
this continuous in situ method. 473 
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Table 1. Three way permutation analysis of variance (PRIMER, PERMANOVA), 647 
based on Euclidian distances. Bold letters indicate significant differences. 648 
 649 
 650 
Source  df       SS     MS F P(perm) Variance explained
Diel 1 7769.8 7769.8 2.3406 0.002 7.68
Tide 3 12551 4183.6 1.2603 0.063 4.48
Season 1 17926 17926 5.4001 0.001 13.91
Diel x Tide 3 14828 4942.8 1.489 0.005 8.69
Diel x Season 1 6521.1 6521.1 1.9644 0.005 9.21
Tide x Season 3 11899 3966.2 1.1948 0.116 5.48
Diel x Tide x Season 3 13520 4506.6 1.3576 0.017 10.51
Residual 97 3.22E+05 3319.6                40.04
Total 112 4.13E+05                651 
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Table 2. The closest match (Gen-bank ID) and identification of bacterial species from 689 
the water column sequenced from DGGE bands. 51 out of a total 143 OTU‟s are 690 
represented in this table, which account for 70% of the variance between the two 691 
seasons (Summer and Winter). Relative abundance measurements are based on 692 
Bionumerics presence/absence and band intensity.  693 
 694 
DGGE band ID Closest relative (% match) Species ID Summer Winter Contribution (%) Accumulative Contribution (%)
119 GQ204865 (100) α proteobacterium 0.34 1.61 2.52 2.52
83 Unknown 0.92 1.12 2.39 4.9
74 GQ204865 (98) α proteobacterium 1.26 0.79 2.31 7.22
65 AY710857 (100) γ proteobacterium 1.45 0.45 2.3 9.52
125 Unknown 0.38 1.14 2.3 11.81
112 Unknown 0.74 1.12 2.01 13.82
86 Unknown 0.42 1.19 1.96 15.79
118 GQ204865 (97) α proteobacterium 0.5 1.13 1.95 17.73
104 Unknown 0.94 0.53 1.76 19.49
92 EU005645 (78) γ proteobacterium 0.38 0.83 1.75 21.24
66 AY455998 (89) Flaveococus chejuansis 1.12 0.19 1.74 22.98
127 Unknown 0.23 0.93 1.74 24.72
42 AB254287 (100) Bacteroidetes bacterium 0.93 0.24 1.7 26.42
91 GQ204865 (100) α proteobacterium 0.77 0.54 1.63 28.05
75 AB254287 (100) Bacteroidetes bacterium 0.91 0.32 1.63 29.69
81 EF092739 (95) α proteobacterium 0.85 0.42 1.56 31.25
126 Unknown 0.18 0.85 1.55 32.8
87 GQ204834 (88) α proteobacterium 0.55 0.62 1.45 34.25
85 FJ620860 (90) α proteobacterium 0.43 0.76 1.43 35.68
41 FJ745255 (89) Flavobacterium sp. 0.73 0.14 1.24 36.92
99 FJ620860 (95) α proteobacterium 0.54 0.45 1.24 38.16
71 EU600663 (100) Flavobacteria bacterium 0.56 0.35 1.22 39.38
90 FJ620845 (83) α proteobacterium 0.39 0.58 1.2 40.58
115 EF092824 (92) α proteobacterium 0.35 0.61 1.2 41.78
82 Unknown 0.62 0.33 1.19 42.98
111 EU315614 (97) α proteobacterium 0.4 0.48 1.19 44.16
70 AM989479 (95) Tenacibaculum soleae 0.35 0.51 1.18 45.35
64 AB294989 (100) Flavobacteriales bacterium 0.56 0.41 1.18 46.53
78 EF092824 (92) α proteobacterium 0.58 0.41 1.18 47.7
120 Unknown 0.13 0.66 1.16 48.86
110 AB254277 (83) Cyanobacterium 0.31 0.57 1.13 50
46 EU315645 (88) γ proteobacterium 0.68 0.15 1.1 51.1
95 EF486532 (95) α proteobacterium 0.36 0.52 1.1 52.19
114 FJ620845 (87) α proteobacterium 0.3 0.57 1.09 53.28
116 EU600663 (77) Flavobacteria bacterium 0.42 0.41 1.08 54.37
128 Unknown 0.16 0.52 1.07 55.43
113 Unknown 0.18 0.57 1.05 56.49
63 AJ784117 (78) Eubacterium sp. 0.3 0.49 1.01 57.49
129 Unknown 0.16 0.48 1 58.49
58 EU984467 (81) Bacterium 0.41 0.36 0.98 59.47
84 GQ250615 (89) α proteobacterium 0.17 0.58 0.97 60.45
67 GQ257639 (82) γ proteobacterium 0.62 0.06 0.97 61.41
102 Unknown 0.37 0.39 0.96 62.37
106 Unknown 0.5 0.21 0.96 63.33
109 Unknown 0.5 0.12 0.94 64.27
97 FJ532499 (100) α proteobacterium 0.52 0.2 0.93 65.2
89 Unknown 0.08 0.54 0.88 66.08
121 Unknown 0.13 0.46 0.86 66.94
122 Unknown 0.33 0.24 0.85 67.79
117 Unknown 0.28 0.34 0.85 68.64
69 DQ656191 (95) Bacteroidetes bacterium 0.44 0.18 0.85 69.48
108 AM748242 (84) SAR 11 (Pelagibacter ubique) 0.26 0.37 0.84 70.32
Abundance (band intensity) Average dissimilarity 86.6%
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Figure Legends 704 
 705 
Figure 1. Heron Island, GBR, Australia (23°27‟S, 151°55‟E). Location of main study 706 
site (A) Reef Flat and those used in spatial sampling: B, Coral Gardens 707 
23º26.839/151º54.717; C, Lagoon 23º27.272/151º57.921; D, 3
rd
/4
th
 Point 708 
23º26.146/151º58.833; E, Wistari 23º29.081/151º54.015. Arrows depict approximate 709 
direction of current flow on the flood tide, prior to sampling on the high tide. Samples 710 
were taken on calm days with wave speed WS < 0.5 m s
-1
 and wave heights HS < 0.5 711 
m. Scale bar = 1 km. 712 
 713 
Figure 2. Total bacterial abundance. (a) Spatial variation for five locations around 714 
Heron Island during Winter (August 2008, grey bars) and Summer (March 2009, 715 
black bars); (A) Reef Flat (B) Coral Gardens (C) Lagoon (D) 3
rd
/4
th
 Point (E) Wistari. 716 
(b)  Temporal, tidal and diel variation on the reef flat for winter (August 2008, grey 717 
bars) and summer (March 2009, black bars). Error bars for both represent standard 718 
errors.  719 
 720 
Figure 3. (a) Multidimensional scaling (MDS) plot, showing seasonal changes in 16S 721 
rRNA gene profiles of bacterial communities. Each point represents an independent 722 
sample labelled by season (see key) (b-f) Relative abundances of a subset of specific 723 
bacteria present or absent within each sample that contributed to the similarities and 724 
differences seen within the seasonal and diel patterns. Size of bubble represents 725 
relative density of the DGGE band of that particular bacterial sequence within 726 
individual samples. Contour lines represent average Bray-Curtis similarity of 15%. 727 
 728 
 26 
Figure 4. Multidimensional scaling (MDS) plot, showing diel changes in bacterial 729 
communities (16S rRNA gene fingerprints) on the reef flat between seasons. (a) Mean 730 
of samples for summer day (S/D) (n = 37), summer night (S/N) (n = 20), winter day 731 
(W/D) (n = 35), winter night (W/N) (n = 20). (b) All samples for the winter season. 732 
(c) All samples for the summer season. 733 
 734 
Figure 5. Sea temperatures at Heron Island collected using a Hobo® (Onset 735 
Computer Corporation) data logger, showing seasonal, tidal and diurnal patterns. 736 
Results of a PERMANOVA showing significant interactions between season and diel 737 
and between season and tidal cycles are included in the figure. Error bars equal to 738 
standard error. 739 
 740 
Figure 6. Total relative vibrio DNA present within ten representative random samples 741 
from each season (summer and winter), acquired from real-time PCR (see material 742 
and methods). Y axis represents total Vibrio DNA within each sample (standardised 743 
to total DNA concentration before PCR of 50 ng per reaction), shown as fold 744 
differences based on lowest concentrations detected within the samples n = 20. Error 745 
bars represent standard error from collective mean. 746 
 747 
Figure 7. Variation in 16S rRNA gene fingerprints between sites (A-E) for August 748 
2008 (winter). (a) Composite DGGE image standardised for gel-to-gel comparison 749 
using Bionumerics. (b) Multidimensional scaling (MDS) plot based on relative band 750 
intensity from composite DGGE profile (a). Overall similarity between samples = 751 
46%.  752 
 753 
 27 
Figure 8. Variation in 16S rRNA gene fingerprints between sites (A-E) for March 754 
2009 (summer). (a) Composite DGGE image standardised for gel-to-gel comparison 755 
using Bionumerics. (b) Multidimensional scaling (MDS) plot based on relative band 756 
intensity from composite DGGE profile (a). Overall similarity between samples = 757 
46%.  758 
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